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ABSTRACT. 


A compacted, highly-plastic clay was subjected to cyclic freez- 
ing and thawing. Specimens two inches in diameter by four inches in 
length were compacted using compactive efforts chosen to approximate 
both modified Proctor density and standard Proctor density. These 
specimens were frozen quite rapidly, using the "closed system" type of 
test. Specimens were tested in triaxial "quick" compression tests foll- 
owing compaction, and after one, three, nine and fifteen cycles of 
freezing and thawing. Instrumentation was provided for measuring length 
and volume changes of the specimen following each cycle of freeze-thaw. 

The strength of compacted, highly plastic clay was found to be 
decreased considerably by cyclic freezing and thawing. The majority of 
this strength loss took place within the first three cycles of freeze- 
thaw. Indications from the triaxial tests were that freeze-thaw red- 
uced the cohesion of the compacted clay but did not affect the angle of 
internal friction greatly. 

It appears ice lensing and water migration can occur only on 
a limited scale under the conditions imposed by the tests. No overall 
moisture migration occurred in the specimens when subjected to direc- 
ational freezing. 

The change in volume occurring in a closed system, both dur- 
ing freezing and thawing, of the compacted clay used, appear to depend 
primarily upon the original moisture content of the soil, and secondar~ 
ily upon the degree of compaction, Changes in dry density, void ratio, 


and degree of saturation which occurred due to freeze-thaw cycling are 


directly related to the volume changes which occurred. 
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CHAPTER I 
INTRODUCTION 


Since the time of the eerliest pavements in areas where winter 
freezing was prevalent, it has been observed that ground freezing has 
produced one olay eurfaces and often Geadked pereierte as a result 
of heaving. Associated with the increase in the numbers and are 
of vehicles, was the occurance of a more wide-spread and general struc~ 
turel failure of pavements, during the spring thawing season. The 
overall effect of ground freezing and thawing is referred to as the 
effect of frost action. Soils are spoken of as having a high or low 
frost susceptibility depending on the degree with which heaving, red- 
uction in load-carrying capacity, and other physical properties are 


influenced by the freezing and thawing processes. 


Many factors influence the intensity of frost action. Climate, 
location, degree of exposure, and the nature of the ground cover (in- 
cluding the pavement) influence the depth and rate of both freezing 
and thawing. The nature of the soil, its chemical and physical com- 
position and its state, its moisture content and distribution, its 
porosity and its structure govern the thermal properties of the soil 
and influence the nature of freezing and thawing, further, the com- 
position and state of the soil govern the physical properties of the 
seil and thus influence the degree with whieh frost action affects 
lead carrying eapacity of the soll, 
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One original field of thought concerning frost heave stemmed 


from the fact that water increases in volume by about nine percent 
when it changes to ice. Between I9I6 and 1930, Taber (11, 12, 13, 

14, st . performed tests which showed that heave obtained was far 
greater than that which could be explained on the basis of volume 
change on freezing alone. He suggested that the difference was due 
to "ice segregation" which would occur when there was a migration of 
moisture to the frost line. This hypothesis was substantiated when 
heave occured with a pore liquid which contracted on freezing, and 
the importance of the availability of water for frost heaving was rec- 


ognized. 


It was recognized by Taber, that the availability of water at 
the frost line is dependent on the existence of a source of supply 
within reach of the capillary rise of the material, and on the resis- 
tance offered by the material to flow from the source to the frost 
line. The first of these factors may be controlled in laboratory 
tests, and therefore, the "open" and "closed" system concepts of Taber 
must be considered when comparing frost heave results from independent 


sources, 


Beskow (15) investigated the effects of freezing soils ina 
closed system on heaving. He discovered that the resulting heave un- 
der the conditions imposed is usually small, and that the freezing 
results in a marked increase of the water content in the frozen zone, 


causing a reduction in load carrying capacity on thawing. 
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Tests by Taber (12) and the Corps of Engineers (10) substan- 
tiated Beskow's findings and showed water migration, ice segregation, 
and heaving can occur in fine grained soils remote from a water teble 
and that there is a decrease in volume in the area from which the water 
migrates 

Taber and Beskow agreed that soils in nature seldom behave es 
absolutely closed systems. Taber mentioned the possibility that a 
closed system may exist when the water table is flat over large areas 
and nearly coincides with the surface. 

An essentially closed system can exist under highways where 
the pavement prevents infiltration from the top, the ditches maintain 
the water table at a relatively low elevation, and the low permeability 
of a clay subgrade prevents any great degree of infiltration during 
rainfall. The fact that a highway subgrade approaches a closed system 
has been borne out by observations and tests of existing highways by 
Motl (6). He reports no startling changes in moisture content, but 
an abrupt springtime strength loss of about 50% in many cases. It was 
noted that "while the moisture content was highest just after the frost 
left the ground, it does not appear that the small veriations from the 
fall values are sufficient to account for all the loss of soil stabil- 
ity. It is suspected that frost action attacks the stability of a soil 


mass by altering its structure without necessarily changing the mois- 


ture content". 
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A ades The Purpose of This Investigation. 


The purpose of this thesis is to investigate the effects of cyc- 
lic freezing and thawing on a highly plastic clay under conditions 
which, in part simulate a subgrade existing as a closed system. The 
conditions imposed on the clay were a completely closed system, a 
degree of compaction and a moisture content similar to that at which 
a subgrade is placed, and alternate cycles of freezing and thawing 
which could compare to a daily cycle of freezing and thawing in nat- 
ure. The principal questions to be investigated were: 

1. What is the volume change (a) upon freezing and (b) follew- 
ing thawing; and is this volume change sufficient to indicate ice 
segregation in highly plastic clay in a compacted state. 

2. How is the strength of compacted highly plastic clay affect- 
ed by cyclic freeze-thaw; in what manner does the strength vary with 
the number of cycles of freeze-thaw and; what is the cause of any 


strength variation. 


“ 
let Ea a 


-oro ‘to afootte od¢ staptgoovnt of al etneds att me neneene: ot ia 


eanortihnos tebaw yalo otteelg yitetd «a mo gotwad? bas 
ae 


olf .modaye beeols # ae gattetxe obatadie a aaa iotdw 


e .meteye Ssacls yfeteignos s sisy ysio sit ao bee a, | 

- Ae ef ; 

doidw te tedt of talhals jnetmoo eutelom @ a eee 
gatwads bos antsoe1? te asfoyo stanretia Sea shea. et aly 


~gan at aniwad? bas gaineott To sfoys ylteb nen ote 


sorsw Bodanttadval sd of adot seat féqionts 
7 a? 
7 1. 7 

-woliot (a) one petsosr? cody (a) onnitio amuflov ee: a 


sof etastbot ot teptottive onnacto emuLloy ttt at E 
tt nO! 


.otate Botaeqmoo a nt yafo sttvenkq, clad tenetess 
OMe } 


-fostts veld obtealq yEripid Hasoagmmo. to djenette ont 8 % 


dtiw vrav mgdewis edt asoh tS9pnom Jeary ink vii 


CHAPTER II 


REVIEW OF LITERATURE PERTAINING TO FROST ACTION. 


In Clay Soils. 


A comprehensive survey of past work in the fiels of frost action 
and related fields to the year 1951 is available in The Highway Re- 
search Board, Special Report No. 1 (1). Consequently this review in- 
cludes only these factors which relate especially to the subject of 


this thesis and a review of any subsequent publications. 


i Vie Or Frost Action. 

Definition - The term frost is defined as the act or process of 
freezing, that is, congealing of liquids with special reference to 
water. Since freezing is the fundamental phase of the overall phen- 
omenon of freezing and thawing, the term frost action is used through- 


out this report to denote that phenomenon. 


om ~ Lis Factors Which Influence Frost Action. 

The factors which influence frost action can be divided 
into extrinsic and intrinsic factors, that is, those which are outside 
but which act directly on the soil, and those which belong to or are 
properties of the soil. Extrinsic factors can be clessified under 
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freezing conditions and surcharge. 


Intrinsic factors include the composition of the soil, both 
chemical and physica], and the state of the soil mass with regard to 
soil moisture content, density, and structure. They determine the 
thermal properties of the soil and the physical properties of the soil. 
including load carryin&capacity and the ability of the soil to move 
water to the freezing zone, and thus influence the amount of heave or 


shrinkage. 


State of the Soil Mass. 

The state of the soil mass, that is its moisture content and 
uniformity of distribution, its porosity, unit weight, temperativre 
and structure strongly influence the nature of frost action. Cf these 
factors, moisture conten* is the dominating influence in determining 


the magnitude of freezing and thawing effects. 


Effect of Moisture Content and Distribution. 

Te mO isture content of soil at the beginning of the freezing 
cycle largely determines the amoung of ice segregation and the heav- 
ing of the soil during the freezing cycle. The extent to which the 

load carrying capacity of a soil is reduce upon thawing is determin- 
ed by changes in the distribution, and/or the amount of the soil mois- 
ture, plus changes in the soil density and porosity due to ice segreg- 
ation . An outside source of free water is not a requisite for frost 


action in soils, however, it greatly intensifies all phases of frost 
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action. 


When free water is not available, i.e. a closed system, tests 
(10) on the effect of the initial degree of saturation on frost sus- 
ceptible soils showed that the water content at the top of the sample 
(when freezing from the top) varies directly as the initial degree of 
saturation; and the water content at the bottom decreases to a rel- 
atively constant value, independent of the initial degree of satur- 
ation. The water content in the unfrozen zone of remolded lean clay 
specimens decreased approximately to the shrinkage limits as water 


was supplied to the zone of freezing for ice-lens growth. 


Effect of Porosity and Unit Weight. 


Both the amount of water held in the soil and the rate of wat- 
er movement of the freezing zone are controlled by the nature (size 
and total volume) of the soil voids. Thus frost action in a given 
soil depends upon the density. 

Tests (10) conducted on soils having little or no plasticity, 
and usingtotal percent heave in open system tests as a criterion for 
frost susceptibility, indicated that there is no advantage in com- 
pacting soil from the stand point of decreasing the effects of frost 
action. Since a few freezing cycles could cause a loosening of a high- 
ly compacted soil, the advantage of obtaining a high degree of com- 
paction is questionable, unless the soil is made virtually non-frost 


susceptible by the compaction. 
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Effect of Structure. 
Uneven soil textures may cause a variation in stratification 

or segregation of ice, creating non-uniform soil moisture conditions, 
that is, local zones of saturation. Stratification of the soil has 
an influence on the development of ice lenses, in that the occurance 
of a very thin stratum of silt or clay in sands may cause the form- 
ation of a thick ice later. Any discontinuity in the form of a stone, 
crack or joint in structured soils may cause fissures, which may be- 


come filled with ice and result in widening of these fissures. 


Effect of Temperature. 

Tests made by The Corps of Engineers (10) showed that the rate 
of penetration of the 32° F. temperature does not affect the rate of 
heave for the range tested (+ to 1 3p, in. per day) in frost- suscept- 
ible soils of various gradations. The test series, besides demonstrat-~- 
ing that the rate of heave does not vary appreciably with rate of 
frost penetration, also showed conversely that the total percent~ 
age of heave of the frozen material, and the intensity of ice seg- 
regation should vary directly with the rate of freezing. Field ex- 
plorations indicate that the greatest accumulation of segregated ice 
results from slow penetration of freezing temperatures, Thus, for 
example, if the rate of penetration of the freezing temperatures is 
reduced to one half, with the heave per day remaining constant, the 
heave for any one day will represent the freezing of only half as 


much of the original soil, and the expansion of that soll per unit 
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depth must be doubled, with twice as much segregated ice, in order 


to maintain the rate of heave. 


Although there is a considerable amount of data available reg- 
arding freezing and thawing and frost penetration in relation to clim- 
atic data on highway and airpost subgrades, this data is not really 
useful, since additional data regarding the type and state of the 
soil, the type of cover, and the conditions of exposure all needed 


are lacking. 


Composition of Soil. 

Chemical Composition. 

Chemical composition is usually expressed in terms of content 
of different minerals which make up the soil fines and organic matter. 
Clay minerals differ greatly in the degree in which the praticles ad- 
sorb water. 

Grim (9) analyzed the relation of clay mineral composition to 
frost action by considering a soil composed entirely of each of the 
main minerals. Montmorillonite has a large adsorption surface area 
(800 sq. m./gram) since adsorption water may penetrate between indiv- 
idual structural units, and it therefore has a large adsorption cap- 
acity. Water adsorbed on these surfaces would consist of molecules 
in a definite structure and may not be mobile. The mobility of the 
water for montmorillonite is governed in a large measure by the nat- 
ure of the adsorbed ion. Montmorillonite clays are quite impervious, 


and on freezing there is little or no concentration of ice in layers 
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due to the lack of mobility of the water. 

Kaolinite particles are larger than montmorillonite (100 to 
1,000 times) and surface area is relatively small. Thus at small 
moisture contents fluid water would be present and since kaolinite 
soils are not impervious, ice layers could form on freezing. 

Illite - Their adsorption characteristics are of the same order 
of magnitude as kaolinite soils but they immobilize slightly more 
water.. They are not impervious and should show readily the concen- 
tration of water in ice laters on freezing. 

Regardless of the most prevalent type of mineral, if the soils 
are dominantly fine grained, they are sufficiently susceptible to 
frost action to be considered dangerous. Grim points out, however. 
that very fine colloid-size clay materials show little or no segreg~ 


ation of ice on freezing. 


Physical Composition. 

The most common means for distinguishing frost susceptibility 
of soils is to relate intensity of heaving with size distribution in 
the fine-grain fraction. Tests by The Corps of Engineers (10) based 
exclusively on grain size, show that the finer the grains, or the high- 
er the percentage of colloidal sizes contained in the fine soil frac- 
tion, the more effective the fine soil fraction is in producing ice 
segregation. The presence of plasticity is also an indication of the 


possibility of greater ice segregation. 
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Physical Properties of the Soil Mass. 

The physical properties which permit the soil to transport 
moisture against gravitational forces by capillary action, or vap- 
Our movement, or to move soil weter laterally or vertically under 
hydrostatic head or gravitational pressure, are probably the great- 
est single influence in determining the magnitude of frost action 
effects. These physical properties include the moisture content, 
porosity, density and grain size and distribution. 

The intensity of frost action effects may be measured in terms 
of magnitude of volume change on freezing, either swelling or shrink- 
age. The relative ability of a frozen or thawed soil to resist de- 
formation under load, in comparison to the resistance of the same 


soil before freezing is another measure of frost action. 


sgl i ee ae Moisture Movement in Soils. 

During Freezing. 

Numerous reports by various individuals (1) have been pres- 
ented regarding the presence of soft unfrozen clay between ice leyers. 
This lowering of the freezing point in clay soils has been attrib- 
uted to the "adsorption power" of the soil particles. Several in- 
vestigators (1) have shown that the freezing temperatures of a por- 
tion of the adsorbed soil water is lower than that of free water, 
and that the finer grained the soil, and the lower the soil mois- 
ture content, the lower the temperature at which soils will freeze. 


Taber (12, 13, 14 ) and Beskow (15) used the variation in 
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the freezing point of soil water to explain moisture movement and 

ice lensing during freezing. The free water in the largest voids 
freezes first and, as the tempverature decreases, more and more adsorb- 
ed water is drawn to the growing crystal resulting in the develop- 
ment of an ice lense. 

The significance of the lower freezing point in a clay soil is 
not thet  .s subgrade materials they are less apt to freeze, but that 
the movement of water to the zone of ice crystallization is made poss- 
ible by a depressed freezing point, without which ice lensing and 
heaving does not seem feasible. Furthur detrimental amounts of ice 
segregation depend on adequate water contained in the soil or avail- 

able from a ground-water source near the freezing zone. 

The effectiveness of vapour flow as a means of moving signif- 
icant amounts of moisture to the freezing zone is a matter of some 
controversy. Beskow (15) showed that vapour diffusion could account 
for only about one thousandth of the rate of heave obtained in tests. 
More recently, Kuzmak and Sereda (16) on the basis of studies of mois- 
ture movement in a porous media showed that water migration due to 


suction gradients takes place in the liquid phase. 


Following Thawing. 

When the soil has thawed the increased water content seeks to 
redistribute itself in a manner to satisfy the forces which prevail. 
The water may be restrained from downward movement by the relatively 
impervioug frozen soil beneath, or, on completion of thawing, by sat- 


urated soil beneath. In the latter case, reduction and redistrib- 
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ution of moisture to prefrozen condition must be accomplished by forces 
of gravity and evaporation. If no ground water source was available dur- 
ing freezing and all moisture gain above was at the expense of moisture 
loss below, the normal forces of soil suction will bring about redistrib- 
ution. 

The rate of redistribution is dependent upon 1.) the length of time 
during which it was moved upward by thermal forces due to below-freezing 
thermal gradients 2) the duration of the freezing period, and 3) the 
relative effect of all forces operative during freezing. It may be that 
the time for redistribution following thawing is proportional to 1) and 
2) above. However, if the forces operative in moving moisture to the 
freezing zone are, as one investigator (14) holds, greatly in excess of 
the forces causing its redistribution, the redistribution may be a much 


slower process than was the period of active freezing. 


Ea, LW Volume Change. 
Swell (Heave). 

The gain in moisture content associated with the freezing of most 
soils is associated with an increase in volume, which is spoken of as 
heaving if it occurs in visible amounts. The amount of segregated ice 
in a frozen soil system (number, thickness and distribution of visible 
layers or lenses ) depends very much upon the intensity and rate of freez- 
ing . 

Slow freezing produces ice lensing whereas quick freezing produces 
no visible lenses. Cyclic freezing and thawing produces ice segregation 


when the thawed ice waters freeze again. This also occurs when the 
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frozen soil thaws from the bottom and then the thawed section freezes 
again. 

The process of formation of ice lenses by water movement within 
the soil by slow freezing has been outlined under Moisture Movement. 

The most prevalent theories regarding ice lensing and heaving are based 
upon this moisture movement to the frost line. 

A rather unique theory regarding frost heaving was submitted by 
Schmid (19), who considered that the heaving was caused by air freed by 
the drop in temperatures. He stated "Experiment has shown that in the 
absence of such air, frost heaving does not occur. In soils containing 
colloids, frost causes altermate contraction and expansion of the coll- 
oids as the temperature falls and rises before and after the formation 
of ice. The place of water adsorbed in swelling is taken by air releas- 
ed from the moisture. If the air is not sufficient to fill all the 
space, shrinkage of the soil occurs with every fresh formation of ice, 
but if the air is more than sufficient, expansion results. Thus the de- 
gree of frost heaving depends primarily on the air content of the soil 
or soil moisture, and only secondarily on the moisture capacity of the 
soil on the ground water." 

This theory has not been borne out by any other investigators and 
the wealth of data regarding ice lenses and their formation as the cause 
of heaving seems to indicate this theory is not valid. However, although 
the effect of air does not appear to be a major cause of heaving it could 
possibly be of some significance, especially in the case of closed sys- 


tems and/or, partially saturated clay specimens. 
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Heaving in a Closed System. 

A closed system infers that the water for ice segregation must 
come from that held within the soil. 

Beskow (15) found that the resulting heave under closed system 
conditions is usually small. but that the freezing results in a marked 
increase in the water content in the frozen zone, Causing a reduction 
in the load carrying capacity on thawing. 

Taber (12, 13) froze a number of partially saturated clay specimens 
without access to free water, with freezing temperatures at the top of 
the specimens only. He found that segregated ice and heaving resulted 
and that there was a tendency for the moisture to become concentrated 
in the frozen upper part, even in the soils with the lowest moisture con- 


tent. 


Shrinkage on Freezing. 

Shrinkage, associated with soil freezing may occur in different 
forms. Shrinkage below the zone of freezing may occur due to soil con- 
solidation on removal of water as it is drawn to the freezing zone. 

Taber (12, 13) found that "in every experiment in which no additional 
water entered the system, the withdrawal of water from the lower part of 
the container to build up layers above, caused shrinkage in volume and, 
usually, the development of tensional cracks. This form of shrinkage is 
never seen in nature and has little significance beyond the appreciation 
that it reduces total heaving so that heaving is not directly proportion- 


al to the thickness of ice lenses obtained. 
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Shrinkage which results from freezing water-saturated well-compac- 
ted, heavy clay soils, is a second form of shrinkage that has far great- 
er significance. This shrinkage manifests itself in the form of a mark- 
ed downward movement of the soil surface and the development of large 
and often deep transverse cracks coincident with cracks or joints in over- 
lying pavements. 

Winterkorn in discussing this form Of shrinkage states "it is 
common experience that the heavier the clay soils, the less in the effects 
of cooling to ol F,; also in such cooling, water-saturated heavy clay 
soils, if initially well-compacted, are known to shrink with decreasing 
temperature, whereas intermediate soils expand under formation of ice". 
He explains this phenomenon with the aid of the phase diagram for water 
(Figure 1); and the concept that interr>l pressures may be assumed to 
produce the same type of results as external pressures. 

The essential features of the phase diagram are noted in Table 1, 
and the following conclusions can be drawn from the diagram: 

a) The melting point of water decreases with an increase in press- 
ure only up to 2050 Kem/om . At all higher pressures, the melting 
point increases with increasing pressure. 

b) The maximum expansion pressure obtainable in the freezing of 
water is 2050 us fame; and cooling below -22° C. does not increase the 
expansion pressure. 

From the concept of equality of effect of external and internal 


pressures, may be added: 


ec) The liquid state is an unstable condition for water below 22%, 
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and if water does not freeze under expansion at this temperature, this 
is because it is already solidified or is being solidified as a result 
of external or internal pressures as ice III, V or VI respectively. 

Winterkorn determined the adsorption pressure for water of Flor- 
ida fullers earth, that is, the adsorption forces between clay mineral 
surfaces and water, as equal to, if not considerably higher than 20,000 
to 25,000 Kem/om®, and indicates the adsorption pressures in clay soils 
are of comparable magnitude. He notes "The higher value obtained is 
especially significant because it represents an average pressure, since 
the pressure of adsorption is usually considered as falling off logar- 
ithmetically with increasing distance of the adsorbed layers from the 
surface of the adsorbing solid". 

Thus a high pressure form of ice is developed due to these high 
adsorption pressures, the volume of which is less than the volume of 
water, resulting in shrinkage of the soil mass. Winterkorn states, 
"The direction and amount of volume change occuring upon cooling below 
the normal freezing potnt of water depend not only upon the temperature 
reached and the total moisture content, but also upon the distribution 
of this moisture in the different ranges of adsorption pressures." 

It appears that the adsorption pressure concept as demonstrated 
above may be profitably employed for the understanding of volume and 
stress phenomena occuring in water-cohesive soil systems above OC, 
Regarding this, Winterkorn states "The water adsorption capacity of 
soil colloids decreases with increasing temperature. Considering the 
melting point curve for ice VI, we may say that at increasing temper- 


atures, soil water changes from ice VI into free water. This free water 
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TABLE 1 


TEMPERATURES AND PRESSURES IN THE TRIPLEPOINTS OF THE ONE-PHASE SYSTEM 


WATER, 
Phases in Equalibrium Temperature Pressures Kgm./sq. cm. 
water--ice l--ice 111 ~22°C, 2050 
ice. l-- ice 1-~- ice 111 a es 2170 
water--ice V-- ice lll =1'7.0 C. 3530 
water---ice Vl 0.16 C, 6380 


eon"t 

has a larger specific volume than ice Vl and, it the permeability of the 
soil is too small to permit ready movement of the water, considerable 
expansive forces may be set up. The ltormal temperature fluctuations occ- 
uring in soils are, therefore, likely to produce a general decrease in the 
density of cohesive soils similar in effect, if not in magnitude, to that 
occurring as a consequence of the expansion resulting from the freezing 


of ice 1", 


it Vs Resistance of Load Deformation. 
Frost action has two opnosite effects on the capacity of soils to 


carry loads. In the frozen state it provides a rigid structure which may 


develop very high load carrying capacity. But in an early thawed state, ios! 


susceptible soils may lcse a neximum of from 70 to 80 percent 


of the strearth 
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Recent investigations of load-carrying capacities of roads and 
airfields have been conducted C6; OC) 4 The findings are significant 
and show a marked reduction in load carrying capacity of the average 
order of 40 to 50 percent of the fall season value. 

Reduction in load carrying capacity is associated with a soil con- 
dition of increased moisture, decreased density and, possibly altered 
soil structure. Soils in Which much water has accumulated and segreg- 
ated into ice lenses during freezing will ordinarily undergo great re- 
duction in load carrying capacity on thawing. However, observations 
(6, 2) have revealed that significant reductions may occur with rel- 
atively small water gain and little segregation on freezing. One ~:r- 
pose of this project is to determine to what extent cyclic freeZe~chaw 
affects density and strength with no change in average moisture content. 

Intensity and duration of the load reduction are largely depend- 
ent upon the rate and depth of freezing or thawing. Distribution of the 
ice within the frozen soil is critical. Rates of freezing which pro-~ 
duce large segregations of ice near the surface and deep frost penet- 
rations, in combination with early and rapid thawing to shallow depths 
produce the most unfavorable condition of excess moisture about a res~ 


idual frozen layer. 


4 V1. Structure of Frozen Soil. 

Frozen soil assumes a structure which reflects the intensity of 
the processes of freezing and thawing on the inherent nature of the soil 
and its associated water conditions. Massive or homogeneous structure 


denotes soil water frozen in the soil pores and normally occurs in coarse~ 
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grained soils, and in fine-grained soils of low moisture content, or 
those frozen at a rapid rate. Stratified or discontimvous-type struc- 
ture contains visible ice segregation in lenses, wedges, veins, or 
needles and is usually associated with wet, fine-grained soils. 

A photographic study (7) of the development of soil structure 
on freezing indicates variations in structure with soil type, and, in 
the case of clays, with clay minerals. In the case of homogeneous 
frost structure, practically no change in appearance as compared with 
unfrozen soil can be recognized macroscopically. 

The stratified or heterogeneous frost structure occurs in mark- 
edly different forms depending on soil type, rate of freezing and wat~- 
er movement to the freezing zone. In clay specimens, polygonal struct~ 
ures are formed as a resuly of moisture loss and shrinkage of the clay 
which accompany the freezing process. 

In montmorillonite, especially regular frost structures were 
found because of its large and uniform shrinkage. (7) A vertical sec- 
tion through a frozen montmorillonite specimen shows marked vertical 
ice layers and thin horizontal layers which « ‘tend over two vertical 
layers. A horizontal section through the same clay (parallel to the 
freezing plane) shows hexagons and pentagons in cel’-like arrangements. 
Czeratzki and Frese (7) state "Aggregate formation in clayey soils 
as a result of frost action or of wetting and drying are 
related processes, since both are connected with swelling 
and shrinkage phenomena in the soil. This is why the re- 


sulting aggregate forns show great similarities and why, 
when both factors have actec on a soil, the specific cause 


tal 


can hardly be recosnized. 
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CHAPTER III 


TESTING PROGRAM. 
LLEy 1. The Constituents. 

Soil- 

The soil used in this investigation was a highly plastic clay 
from a borrow pit ninety-five feet to the right of station 419#00, high- 
way 2-G-3 located near the town of Fahler, Alberta, approximately 270 
miles northwest of Edmonton. 

After being received from the field the soil was mixed and air- 
dried, and at the beginning of this testing program had been stored in 
a dry room at normal temperatures for approximately five months. 

An x-ray diffraction analysis performed by the Research Counsil 
of Alberta indicated that the soil contained illite as the principal 
clay mineral mixed with lesser equal amounts of kaolinite and montmor- 
Hoare.” 

According to the Unified Soil Classification System, the soil 
was classified as a highly plastic clay, (CH). Pertinent characteris- 
tics of this soil were: 


Specific Gravity of Soil Solids - 2.77 


Liquid Limit - per cent -67.6 
Plastic Lirit - per cent a 
Plasticity Index - per cent 39.7 


‘ 2 
The results of a grain-size analysis of the soil are as follows. 


1. ReBUTtS We'reported by Watt (1951).— 
es -esults as reported by Brochu (1962). 
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MATERTAL LIMITING DIAMETERS PER CENT 


Sand sizes greater than 0.06 mm. 15% 
Silt sizes 0,002 to 0.06 mm. 30% 
Clay sizes less than 0.002 mm. 55% 
Water- 


Distilled water was used throughout the program to eliminate any 
variations that might result from impurities added with ordinary tap 


water. 


ls es Scope of Testing Program. 

This program was divided into three portions. The aim of each 
portion was the same in that the effects of cyclic freezing and thawing 
at constant moisture content on volume change and strength of conpacted 
specimens was investigated. The variables in each portion of the prog- 
ram were the compactive effort and/or the moisture content at compact- 
ion. 

One series of tests was conducted on specimens compacted with a 
compactive effort designed to give standard Phoctor density, and at a 
moisture content which was optimum for this compactive effort. A sec- 
ond series of specimens was compacted using the same compactive effort, 
but at a moisture content approximately 4% above the optimum value. The 
third group was compacted using a compactive effort designed to give 
modified Proctor density, and at a moisture content which was optimum 


for this compactive effort. 


The specimens formed were cylindrical in shape and measured 2 
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inches in diameter by 4 inches in length. The compaction used to sim- 
ulate standard Procter compaction was accomplished by compacting the 
specimens in four equal layers using ten blows per layer of the standard 
compaction hammer (5.5 lb. and 12" drop.) Optimum moisture content for 
this compactive effort was 26%. 

Modified Proctor compaction was simulated using four equal layers 
and fifteen blows per layer of the standard compactive hammer. The op- 
timum moisture content for this compactive effort was 22%. 

The program was organized so that one half the specimens in each 
group were subjected to freeze-thaw and the remaining half remained in 
the moisture room with no variation in conditions. At any time during 
the testing vrogram when a number of specimens which had been subjected 
to freeze"thaw were tested, a similar number of the "stand-by" specimens 
were tested. 

In each group fifty-four specimens were compacted. One week after 
compaction six specimens were tested in triaxial compression. Twenty- 
four of the remaining forty-eight specimens were subjected to freeze-~ 
thaw, and twenty-four were placed in the moist room for storing. 

The specimens were tested in triaxial compression in groups of 
twelve, six from each portion, after one, three nine and fifteen cycles 
of freeze-thaw. Also, length and volume measurements were made on the 
samples subjected to freeze-thaw after each cycle. 

The results obtained from the program include the variation of 
length and volume change with cycles of freezing and thawing; the var~ 
jation in compressive strength with cyclic freeze ‘thaw, and the dry 
density, moisture content, void ratio and degree of saturation of each 


specimen at failure. In the case of the specimens which remained in the 
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moisture room the variation in compressive strength with time is includ~ 
ed. 

ill. Lil. Testing Procedure. 

Mixing- 

The soil, in the air dry state, was in large, hard clods. These 
were broken down by a mechanical jaw crusher and a pulverizer until the 
majority of the material would pass the #40 sieve. No exact particle 
size was aimed at, but the mechanical grinder was set, and the entire 
quantity of soil passed theough at the one setting, assuring similar- 
ity of particle size. The pulverized soil was then mixed and stored 
in plastic bags until needed. The hygroscopic moisture content of the 
air dry soil was determined and found to be 3%. 

A sufficient amount of air dry soil for each group of specimens 
was weighed out, allowing a quantity for wastage due to trimming spec~ 
imens and possible breaking of samples, and for determining moisture 
contents. The required amount of distilled water necessary to bring 
the moisture content to that desired for compaction was added by a 
spray bottle and the moist soil was mixed by hand in a large tray. 
Approximately thirty minutes was required for addition of the water 
and mixing, until by visual inspection the moisture was reasonably 
uniformly dispersed and no large lumps of moist soil existed. Foll- 
owing this the soil was placed in two plastic bags, tightly closed, 
and allowed to sit in the moist room for four days before compaction 
to allow further distribution of the moisture. 


The final moisture content for each group of specimens was as 
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follows- 


GROUP 1 - 264 + 0.5% 
GROUP 2 - 30% 4 0.5% 
GROUP 3 - 22% + 0.5% 


Compaction- 
One group of specimens was compacted at one time and required 

six to seven hours work for two technicians. Fifty-four 2 inches by 

4 inches cylindrical specimens were compacted for each group by com- 
pacting the Specimens in four equal layers with a compactive effort of 
10 blows per layer, for Groups 1 and 2, and 15 blows per layer, for 
Group 3, of the standard compaction hammer (5.5 lb. and 12 in. drop) 
using the apparatus shown in Figure II. The extrusions of the specimens 
from the mold was accomplished by means of the hydraulic apparatus por- 


trayed in Figure II. 


Initial Measurements and Treatment. 

A specimen, removed from the mold, was weighed to the nearest 
O.1 grams, and following this the length of the specimen was measured 
to the nearest 0.001 inches. This length measurement was made by means 
of calipers and was the average of two measurements, at right angles to 
each other. 

Immediately following the length measurement a specimen was taken 
into the moisture room to be coated, to insure a constant moisture con- 
tent was attained. The material used for coating was a rubber latex 


material which dried in air from a slightly viscous liquid to a stretchy 
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FIGURE 1 


EXTRUDING SPECIMEN FROM MOLD 


COMPACTION EQUIPMENT AND MOLD 
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rubber~like solid. This material was sold under the trade name Duncoat 
101 by Continental Rubber Company. 

A specimen was held by a pair of tonques and completely submerged 
in the liquid assuring a complete coating, and after a short period to 
allow the excess latex to drip off, the coated specimen was set on end 
on a greased surface. The greased surface was used since it was found 
that the latex would not stick to a greased surface and thus the spec~ 
imens could be easily removed after curing of the coating. A curing 
period of about eight hours was required for the latex before the spec- 
imens could be handled and thus the entire group of specimens were all- 
owed to sit in the moisture room until the next day. 

After curing of the latex the specimens were removed from the 
greased surface and excess latex was removed from around the bottom of 
the specimens (i.e. latex which had formed a pool around the specimen 
before hardening). A small area of latex covering about one inch in 
diameter was cut away form the centre of one end of each specimen with 
a sharp knife, exposing the specimen. The surface of the specimen was 
scarified using a small nail and a demigage point was giued to this 
surface, (Figure III) using a patent glue. (Lepages) 

This glue required a period of about two to three hours to hard~ 
en, after which that end of the specimens were dipped in latex to roughly 
one-half height and were set to cure on the other end. After a suit- 
able curing period of about eight hours a demigage point was added to 
the other end of the specimen in a similar manner, and that end of the 
specimen dipped, thus applying a double coating of latrx to the entire 


surface of the specimen. A third coating was applied the following day 
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FIGURE Ill 


SPECIMEN SHOWING COMPACTION SPECIMENS IN DEEP—FREE ZE 
PLANES AND LATEX COVERING 


LENGTH MEASURING EQUIPMENT VOLUME MEASURING EQUIPMENT 
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(i.e. the third day after compaction) by the method of alterna ely dip- 
ing the ends. These coavings effectively prevented any loss of mois- 
ture from the specimens during subsequent treatments. This was borne 
out by the small variation in moisture content between specimens test- 
ed at O cycles (i.e. as compacted) and specimens tested at 15 cycles. 
One week after compaction the twenty-four specimens were divided 
as follows - six specimens for strength testing that day, twenty-four 
as "stand-by" specimens and placed in the moist room, and twenty-four 
specimens for the freeze-thaw treatment. The method of selecting spec- 
imens was as follows: Numbers 1, 10, 19, 28, 37, and 46 comprised the 
initial group of six; the remaining twenty-four even numbers comprised 
the "stand-by" specimens. These groups of twenty-four specimens were 
divided into four groups of six with one specimen numerically lying 
between each of the initial six specimens (i.e. 1 group would be 2, 12, 


20, 30, 38, 48). 


Length and Volume Measurements. 

Length and volume measurements were made only on the specimens 
subjected to freeze-thaw. Length measurements were made using the 
demigage points and the Ames dial set-up shown in Figure Lids 

Volume measurements were based on the principle of bouyancy (i.e. 
that the weight of an object is decreased when submerged in a liquid 
by the amount of liquid it displaces.) To determine the volume, the 
specimens were weighed in air to the nearest O.1 grams, and then weigh~ 


ed, while suspended in water, to the nearest 0.1 grams. (see Figure III) 
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Freeze-Thaw Cycling of Specimens. 

Following the determination of the original length and volume 
of the specimens, they were placed in a deep-freeze maintained at OF, 
Investigation showed that from five to six hours were required to com- 
pletely freeze the specimens at this temperature, and that a frozen 
specimen required approximately the same amount of time to become com- 
pletely thawed at normal room temperatures- (approximately 70°F.) 

Thus it was possible to COaplete one cycle of freeze-thaw per day by 
removing the specimens from the deep-freeze in the morning, and return~ 
ing them in late afternoon such that the time out of the deep-freeze 
varied little from eight hours. 

Length and volume measurements were made on each specimen immed- 
iately upon removal from the deep-freeze, i. e. when completely frozen, 
and before returning to freezing temperatures, i.e. completely thawed. 
Following each of 1, 3, 9, and 15 cycles of freeze-thaw six specimens 
were tested in triaxial compression. Since a full day was required 
for breaking six specimens, it was necessary to remove the specimens 
from freezing the evening before testing and allow them to thaw over- 
night. Final length and volume measurements were then made on the 


specimens the following morning before testing. 


Triaxial Compression Test. 
The specimens were tested in triaxial compression using a stand- 
ard triaxial cell and a Leonard Farnell Compression Machine. (Figure 


1V). The method of testing was the so-called "quick" test in which 
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TRIAXIAL TEST IN PROGRESS 


SPECIMEN IN TRIAXIAL CELL 
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the load is applied to the specimens immediately after the application 
of the lateral or all-round pressure, with no drainage allowed either 
before, or during loading to failure. Lateral pressure was applied to 
the water in the cell through a connection to a "water over air" sys- 
tem, in which the pressure was supplied by the air pressure from a lab- 
oratory outlet, and manually controlled by an air pressure gage. 

Each of the six specimens in a group was tested at a different 
lateral pressure, these pressures being 0, 15, 30, 45, 60, and 75 
My Ee The rate of strain used was 0,010 in./min. Load applied to 
the specimen was determined by recording strain in the proving ring, 
the frequency of these readings being governed by the strain of the 
specimen (i.e, based on specimen length of 4", readings were taken at 
a specimen strain of .1%, .2%, .3%, .4%, .6%, .8%, 1.0%and then every 
4% until failure). The criterion for failure was taken as the max~ 
imum deviator stress applied to the specimen, but loading was usually 
continued until the proving ring dial readings began to decrease. 

The maximum load applied to a specimen was determined from 
proving ring calibration curves, and the area at failure was calcul- 
ated from the specimen strain at this load. Two proving rings were 
used in the program, depending upon the relative strength of the spec- 
imens. Proving ring No. 1873 with a capacity (nominal) of 1600 lbs. 
was used for Group 1 and 111; proving ring No. 1872 with a nominal 


capacity of 400 lbs. was used for Group ll. 


Specimen Preparation For Triaxial Testing. 


The loading head of the triaxial cell could not be placed 
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directly on the specimen since the demigage points would cause stress 
concentration in the specimen. Initially, this was overcome by the 
addition of sulphur caps to the ends of the specimens and then appiy- 
ing the load through these caps. When this method was used the latex 
coating acted as a membrane, 

This loading method was used for Group 1 and then discarded be~ 
cause the sulphur caps cracked and thus some of the strain recorded 
was due to the caps cracking and not in the specimen. Also, since it 
was difficult to form the caps normal to the long axis of the specimen 
some eccentricity in loading was encountered, and it was possible that 
the edges of the caps, which extended down the sides of the specimens 
approximately i" had some effects on the end restraint and hy ratio 
of the specimens. 
| For Groups 11 and 111, the latex covering was cut away from the 
specimen ends and the glue and demigage points were stripped off. The 
cell loading head was then set directly on the specimen, over the por- 
tion of the latex membrane remaining. 

After failure, the remaining latex covering was removed and the 
entire specimen used for determining the moisture content, It was nec~ 
essary to scrape some of the soil from the latex covering in order to 
get all the soil, especially as the number of cycles of freeze-thaw 


increased, 


Additional Tests 
Following completion of a major portion of the original te ting 


program, additional minor tests were devised in an attempt to clerify 
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the results which were being obtained. 


Consolidation Test. 


A consolidation test was run on a portion of a specimen to pro- 
vide additional information about the compacted soil, which could poss- 
ibly help explain the erratic results of the triaxial tests at high 
lateral pressures. To accomplish this, a special consolidation ring, 
2" in diameter oy 1" in height was made, witich provided a snug fit for 
a specimen. A porous stone and a loading head were also made such 
that they would fit inside the consolidation ring with a fairly close 
tolerance. 

A specimen was then formed using mixing and compaction proced- 
ures as outlined previously in this chapter. The specimen was fitted 
into the consolidation ring and a portion of the specimen near the 
middle of the 4" length selected for the test. A considerable amount 
of pressure was required to force the specimen into the consolidation 
ring indicating little room for lateral swelling of the sample. 

The general procedures followed in running this consolidation 
test are essentially those outlined on page 78 of reference number 22, 
A conventional consolidation machine was used, and the sample was all- 


owed to swell freely at the beginning of the test. 


Additional Freezing Tests. 


In an attempt to determine if there was any moisture migration 
in the compacted specimens during freezing, an additional group of 


specimens were formed and subjected to directional freezing. 
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Fourteen specimens were compacted using the same mixing and com: 
paction procedures as outlined previously in this chapter. The spec- 
imens were then covered with latex in the manner previously described, 
With the exception that demigage points were not glued to the specimens. 

Two specimens were ,elected for determining moisture contents at 
O freezing cycles, or previous to freezing, and the remaining twelve 
specimens were divided into two groups of six. One group was frozen 
by simply placing them in the deep freeze so that they would freeze 
from every direction at once. (i.e. in the same manner as the speci- 
wens in the original testing progrem). The second group was in the 
box of insulating material (zonolite)such that only the tops were vis~ 
ible, and this box containing the specimens was placed in the deep 
freeze (see Figure 111). Thus the freezing temperature should 
have penetrated into these specimens from the top. Moisture contents 
of various portions of the specimens were determined at O, l, 2; 3, 

5, 7; and 9 nvulue of freeze-thaw, using one specimen from each 


group. 


For the group of specimens subjected to "all-round freezin~, 
moisture contents were determined separately for the top one-half in- 
ches of the specimen, the bottom one-half inches, a roughly circular 
strip one-third to one-half an inch around the outside of the spec- 
imens and for the remaining central core. Moisture contents for the 
group of specimens subjected to "end" freezing, were made on each 
of eight roughly equal portions, obrained by cutting the specimens 


at right angles to the height into eight similar sections. The 
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specimens were cut in the frozen state, with the exception of the two 
at O cycles, to insure that if moisture did migrate upon freezing, if 


did not have an opportunity to re-orient itself upon thawing.. 


Lis. LVs Discussion of Procedures. 

Compaction. 
The compactive method used (i.e. four layers and ten blows of 

5.5 lb. hammer) was Originally adapted by the Research Council of Al- 
berta for obtaining standard Proctor density on 2" diameter by )" 
length specimens for sands at optimum moisture content. In an attempt 
to determine the compaction necessary to give the optimum density for 
the moisture content used, (i.e. Group 1 - W = 26% ) test samples 
were compacted using four layers and each of 8, 9, 10, 11, and 12 
blows per layer of the standard hammer. The variation in density was 
slight over this range of blows and, in fact, varied little from the 
normal variation in density that could be encountered in a group of 
specimens using the same number blows for each specimen. Since a com 

clive effort of 4 layers and 10 blows per layer had been used by 
Brochu (18) to approximate standard Proctor density for the same soil 
with additives: and since a quantity of soil necessary to determine 
the actual standard Proctor conditions of optimum moisture and den- 
sity was not available, it was decided to use the compactive method 
of 4 layers and 10 blows per layer for standard Proctor compaction. 
The moisture content used for Group I was the standard optimum mois- 
ture kent”, and it was assumed that the density obtained by the 


compactive method used would be fairly close to the standard Proctor 
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density. 

In actual fact, the dry densities obtained were higher (5 or 6 
lbs./ft.3) than the dry densities determined by the standard method, 
i.e. using a 4"'mold and standard Proctor Somes ten This is poss- 
ibly due to compaction from both ends, and/or to the static compactim 


effect produced by extruding the sample from the mold. 


In a manner similar to that outlined above, the compactive eff- 
ort for modified optimum density was established at modified optimum 
moisture content. The modified dry densities obtained were slightly 
lower (2 to 3 lbs. /ft.3) than dry densities produced by the standard 
modified er ae This could be due to side effects of the smaller 2" 
diameter mold (compare to the standard 4" diameter mold), and possibly 
to a moisture content of some specimens which is up to 1.5% above the 
optimum value. The variations which occured from the actual standard 
and modified densities indecates that the respective compaction methd 


used should possibly be revised. 


The method of compaction used i.e. four layers with compaction 
from both ends, and extruding the specimens by applying pressure on 
the bottom produced a variation in density throughout the specimen 
length. The decrease in density from bottom to top of the specimen 
was easily visible with pore spaces visible in the upper layers. To 
reduce any effects this variarion might have had on specimen strength 
all specimens were tested with load applied on the upper end as com- 


pacted. 


2. As determined by The Research Council of Alberta. 
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Moisture contents were taken from the uncompacted soil at in- 
tervals during the compactive process to determine the moisture cont- 


ent at compaction. 


Moisture Proofing. 

The use of rubber latex to maintain moisture content was succ- 
essful and the moisture content of the specimens varies less than 0.3 
over a period of one month. One disadvantage of its use, however, is 
the length of time required to apply three coatings, which in this 
program, was made more difficult by the addition of the demigage 
points. The development of a more rapid means of applying the latex 


would make this method both effective and efficient. 


It was found that the specimens lost from 1 to 2% in moisture 
content during compaction and addition of demigage points and latex. 
This was based on the difference in average moisture contents of the 


soil taken during compaction and of the specimen at failure. 


Length and Volume Measurements. 

The method of measuring length variation was accurate for spec- 
imens in the frozen state. For the thawed specimens some length de- 
crease was encountered when measuring length since the entire weight 
of the specimen was bearing on the small demigage points, forcing 
them into the specimen. This was noticeable for Group II where the 


moisture content was quite high and the specimens were somewhat soft. 


Volume change measurements were less accurate that length meas- 


urements since it was possible that specimen volume changes were not 
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reflected through the latex coatings. This was especially noticeable 
for Group III where bulges in the coating, which seemed to be caused 
by compressed air, were evident when the specimens were in the frozen 
state. One other factor which led to inaccuracies in volume measure- 
ments, bas moisture ceaccenanen of the frozen specimens both during 
freezing and when taken from the deep freeze, which would affect the 
specimen weight. 

However, since the volu... change results used were the aver- 
age of all the specimens measured at any one time, any error in one 
or two specimens due to the above would not be too significant in 


the final average. 


Freezing and Thawing. 

One cycle of freeze-thaw was completed during one day. If it 
was necessary to miss a day between cycles, the specimens were left 
in the frozen state for that period and it was assumed that condition 
within the specimen would not change while frozen. 

The length of time that the specimens remained out of freezing 
was constant at approximately eight hours, since early investigations 
showed that length and volume change varied with time in the thawed 
state. 

fo) 

The temperature for freezing was set at O. F. to represent more 
or less an average of winter temperatures rather than an extreme, and 
since it was found that at this temperature one cycle of freeze-thaw 
could be completed in one day. Actual average ground temperatures 


in nature would be above zero degrees Farenheit. 
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"Stand-By" Specimens. 

Originally the purpose of these specimens was to insure that tle 
expected strength loss was due to freeze-thaw effects and not due to 
the time element between compaction and testing. When first tests ir 
dicated an increase in strength in these stand-by specimens with time, 


it was decided to continue this portion of the tests. 


Triaxial Testing of Specimens. 

When the testing program was set up it was decided to use the 
"quick" test at varying confining pressures for strength testing ra- 
ther than unconfined tests, in an attempt to determine whether freeze 
thaw affected the cohesion or angle of internal friction of the comp- 
acted soil, and to what extent. The testing method was only part- 
ially successful towards this end, since erratic results at some con- 
fining pressures prevented accurate plotting of the Mohr envelope on 
the Mohr diagram, and thus prevented accurate determinations of the 
cohesion and the angle of intemal friction. 

Possible the major drawback to an accurate evaluation of the co 
hesion and angle of internal friction was that only total stresses am 
not effective stresses were determined from the triaxial tests. Sinc 
the determination of effective stresses necessitated pore pressure 
measurements, which would have to be both water and air pore pres- 
sures since the specimens were only partially saturated, no attempt 
was made at determining these pressures as the necessary equipment 
was not available. 

Also, the time required for running a single triaxial test 


(i.e. six per day) limited the number of specimens that could be used 
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in the testing program, and for this reason, each result is the re- 
sult of a single test rather than an average. Thus, a possible err- 
atic result must be accepted and the reliability of some strength val- 
ues is, therefore, open to question. 

Comparison tests run to eetermine if the Method of testing usir 
sulphur caps produced results different from those by the convention- 
al triaxial method showed a slight scattering of values that indicat- 
ed no trend and that were a "within specimen" variation. The latex 
covering provided a suitable membrane and the only incidence of leak- 
ing occured at higher pressures after the specimens had been handled 
considerably (i.e. at 9 or 15 cycles), indicating the leaks probably 
occured at spots weakened by this handling. 

An inability to orient the plane of the caps at right angles to 
the specimen length caused eccentricity of loading and some buckling 
on specimens which were especially poorly centered. This did not app- 
ear to affect the total axial load greatly, but resulted in an in- 
crease in specimen strain. 

The majority of all specimens tested exhibited shear failure 
with the remainder failing by bulging. Bulging failures occured mairr 
ly in specimens which had been subjected to a number of cycles and 
were at higher moisture contents(i.e. Group II). This type of failure 
exhibited a greater amount of strain than did the shear failures. 

Shear failures were mainly of the cup-cone variety and generally 
occured at both ends of each specimen, with the edge of the cone 
starting directly below, or above,the edge of the loading head. Mois- 
ture contents were taken along the shear failure in some specimens 


but no difference in moisture content was encountered between the 
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shear zone and the remainder of the specimens. 
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CHAPTER IV. 


DISCUSSION OF RESULTS OF VOLUME CHANGE CHARACTERISTICS. 


Dry Density. 


The effect of cyclic freeze-thaw on the dry density of the com- 
pacted specimens is shown graphically on Figure V. All three groups 
show the greatest portion of total loss in density in the first few cyc- 
les of freeze-thaw, after which there is very little further loss. This 
is especially true for the high moisture content specimens (Group II) 
which show virtually all the density loss in the first three cycles. 

The density values plotted are values for the specimens in the thawed 
state. Based on original dry density, the total percent loss in density 
at fifteen cycles of freeze-thaw for each group is listed in Table II, 
along with other pertinent data. 

These limited results indicate that standard Proctor compaction 
at optimum moisture content are the conditions at which this clay ex- 
hibits the smallest loss in density due to freeze-thaw cycling, and if 
minimum loss in density were the governing factor, this compaction 
would appear to be best for this material. The increased percent loss 
in density for the specimens at modified Proctor compaction, indicates 
moisture content is not the governing factor for density loss, and that 


this amount of increased compaction cannot eliminate frost effects. 


VI Sa TSAHO 
GOTPPISZTOASARD BOMARD EMUTOV FO aTIWeHA Fo MOreauneta 


cas 
aes ie 
-mo> edt to vydbansb ¥oh aid fo wede-seesrt otloye Yo goats oon 
bf 
aquotg sexdt (fA .V etegl® ao uelleotdqery ovore ef ae) a 


eo wet gett? ore nt yttereb mt naol Latot to notiaeg facteery a q: P WOE dg 
a4 
sid? .asol teddwt si¢¢li yrev at os sit dofde wee vwnits-osia0at 


(TI qsoxd) anemioaqes énotmoo siitetom tyid aif 10? erat ¥ fats a 


_ 

.soloyo ssid? sarkt edit at seol vysttensh ed? Die vitoutaty wore dokds 
Rheawadds ert of anomttosqa sit rot eoulev ote Sanraly asulev 
uttaneb mt aeol greoveg [sgod edt ,vttemsb yuh fantpixo mo teat $s 
.°T siteT at bsteat{ at quots dogs 16% werdt-sgestt to asfore es — 
cateb sreanktreq sede daty a 


ear 


aols oaqmoo rwotoord Bbiebsata tant sdastbal ativees bosib seott . 
itl heal 
a 3 7 


=) 


-x9 yelo elt dotdw $a anot seine ony eta Saotnes stutetom a 
tt Boe ,gatioys wadt-sseatt of oud ysteaes al aaot tesllame ond 8 ¥| 
nctjosqmen stdt ,tofest gnimtevop oft stow ytteqsb af | 
aeel tneotsg besasvoat sdT .Letrotem atte 12 daad of o? 
a 


pote atid noftsaqmins tote Sslithom se come wit bag 


Said bas .se0l votensb 20% x0s6a% gate tevoy ont tom at seedaoe on sda 
/avostts Jeovt atenimiis foans noltoaqi@os | " a _ _ 


EFFECTS OF CYCLIC FREEZE-THAW. 


TABLE II 
Group Compaction Original Meximum 
w dd e = Percent Loss 
oF = 
ii Standard Proctor at /o les? C f° Se SS 
Optimum Moisture 26.0. 96.7 —, 702 22.0 4.4125.20 23 
La Standard Proctor at 
4% Above Optimum 
Moisture 30.0) 9826s .060° OliGi~ 1.54 530.5 -7°7 


Ii Modified Proctor at 


Optimum Moisture 22.0 99:7 739° -80+6 4-21 -9.7 8.2 
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Void Ratio 

The plot of void ratio versus number of cycles (Figure VI), 
is virtually an exact reversal of the plot of dry density versus cycles. 
Groups I and III show a fairly gradual increase in void ratio but Group 
II shows a marked increase up to three cycles of free-thaw, followed by 
e. levelling off and finally a slight decrease is indicated. Based on 
original void ratio the maximum increase in void ratio is as shown in 


Table II. 


Degree of Saturation 


The plots of degree of saturation versus number of cycles (Fig- 
ure VII) is similar to Figures V and VI, showing the majority of change 
within the first three cycles, with the exception of Group III which 
shows a very gradual decrease in degree of saturation. Group I has a 
small total decrease in degree of saturation and shows an increase at 
fifteen cycles over nine cycles. This increase is probably caused by the 
combination of the slight decrease in void ratio evident in Figure VI 
and a slight increase in moisture content. The increase in moisture 
content could be caused by one or more of tides Paved (1) an in- 
crease in moisture content from an outside source, (2) an increase due 
to "freeing " of water from clay particles caused by freezing, or (3) 

a possible variation in original water content from the specimens at 
nine cycles. Of these factors the third appears to be the most obvious 
cause. Little opportunity existed for the samples to pick up outside 
water and, in fact, there would more likely be a decrease in moisture 


content if the membrane did leak. The second factor is a possible cause 
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but is is unlikely that this type of change should occur after nine cyc: 
les and that the apparent increase. which occurred (approximately 0.5 to 
1% moisture) could be attributed to "freeing " of water molecules. Fur- 
ther, is this "freeing "of water does happen it should also appear for 
Groups II and III, and this is not evident. 

The maximum percent decreases in degree of saturation are shown 


in Table II. 


Volume and Length Change. 


Volume Change. 

Volume and length variations with freezing are shown in Figures 
VIII, IX and X for Groups I, II and III, respectively. The pertinent 
relationships with regard to volume change, considering all three groups 
are: (1) The volume of Groups I and II, in the frozen state, increase 
with cycles up to nine or ten cycles and then decrease slightly. Max- 
imum volume changes are Group I = 1.35% and Group II = 6.3% over the 
original unfrozen volume. (2) The frozen volumes of Group III decrease 
abruptly 2.5% at one cycle from their original volumes, and then grad- 
ually increase with cycles, appearing to level off at a volume decrease 
of 0.75%. (3) The thawed volume curves roughly parallel the frozen 
volume curves, with Groups I and III showing a higher thawed volume than 
frozen volume and Group II showing the reverse. All thawed volume 
changes are positive and only Group II shows a slight tendency toward 
a decrease in thawed volume at fifteen cycles. Maximum percent thawed 
volume increa ses over original volumes are Group I - 2.15%, Group II = 


5.14, Group III = 3.7%. 
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Considering first Groups I and II, at the same compactive effort, 
it appears moisture content is a major factor regarding volume change 
in both the frozen and thawed state. At the lower moisture content, 
Group I, the thawed volume is greater than the frozen volume, which is 
in contrast to Group II Further, both the thawed and frozen volume 
changes are considerably smaller at the low moisture content. 

The effect of increasing the compactive effort (Group III) and 

decreasing the moisture content has a very marked effect on the frozen 
volume of this particular soil, causing a reduction in volume, but it 
produces also a remarkably high thawed volume. 

It is interesting to note that the maximum variation between 
thawed and frozen volume occurs for Group III (ige: VEouD LiL 2 4.55%; 


Group I = 0.8%; Group II = 1.2% ). 


Length Change 
The frozen and thawed length changes parallel each other for 
all three groups individually, with Group III only showing a shorter 


frozen length than thawed length. Maximum percent changes are: 


Frozen Thawed 

Group I + 2.4% + 1.95% 
II + 3.7h 4+ 1.8% 

ri. + 1.3% + 2.8% 


The maximum length increases for Group II occur at about five 
cycles, after which the lengths gradually decrease. This length de- 


crease was caused by settling and lateral bulging of the specimens dur- 


ing thawing, and due to bearing of the specimens on the small end 
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demigage points during length measurements, which forced the point into 
the specimen, giving a shorter reading. 

These effects occurred to a noticeable extent only for Group II 
due to the higher moisture content of the specimens, which resulted in 
a fairly low strength material. 

Although diameter changes were not observed, it would appear 
that the diameter varies to a lesser degree, percentage wise, than does 
the length. This can be illustrated by calculating the volume on the 
basis of no diameter change and using the length changes measured, and 
comparing this volume to the measured volume. These comparisons show 
that up to about three cycles the calculated and measured volumes are 
virtually equal, indicating no diameter change. after which the calcul- 
ated volume is less than the measured volume, indicating some diameter 
increase. By assuming the same percentage increase in diameter as in 
length, the calculated volume exceeds the measured volume in most cases. 
These are exceptions, especially in Group II where the diameter increases 
due to bulging which corresponds to a length decrease. In general, 
there appears to be a greater length change than diameter change, in- 
dicating that the direction of the type of compaction used has an in- 
fluence. 

Any changes occurring in the dry density, void ratio and degree 
of saturation due to freezing and thawing are related directly to vol- 
ume changes in the specimens. For this reason the factors causing the 
changes in volume are also the factors causing the resulting changes in 
density. void ratio and degree of saturation. These are discussed in 


the following paragraphs. 


The pertinent data regarding volume change and water content 
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are shown in Table III. On the basis of this data, it is evident thet 
tha 9% volume increase of water on freezing could account for all the 
increase in specimen volume for Group I only. and that for Groups I and 
III some of the expansion of water on freezing occurred into the avail- 
able void speces. Group II exhibited a volume increase in excess of 
that possible on the basis of the 9% increase in the volume of water on 
freezing alone. Allowing for some added expansicn into available pore 
space it becomes apparent that ice segregation must have occurred to 
some degree in this group. This was substantiated by observations of 
specimens used for determining the eXtent of moisture migration. 

The results of the tests conducted employing directional freez- 
ing (Appendix B) to determine if moisture migration occurred during 
freezing, indicated no moisture variation throughout the specimens, re-~ 


gardless of the direction of freezing. 


SPECIMEN VOLUME CHANGES DUE TO FREEZE-THAW. 
TABLE III. 
Group I Group II Group III 


Average Volume of Voids Per 
Specimen at Compaction. ec. 86 96 87 


Average Volume of Water Per 
Specimen at Compaction. ec, 75 88 70 


Average Available Void Space 
Per Specimen at Compaction. cc. me 8 7 


Average Volume Increase of 
Water on Freezing Per Spec~ 
imen. (i.e. &9%). cc, 7 8 6 


Average Maximum Volume In- 
crease Per Specimen After 


Cycl ic Freezing Ge. 3 13 Decrease 
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On the basis of the moisture migration tests on these specimens, 
which were compacted at the same moisture content as Group II (29.5%), 
it is likely that ice segregation did not occur to a great extent in 
Group II specimens. That is, it is likely that no overall moisture mig- 
ration occurred resulting in a buildup of large ice lenses. However, 
close visible examination of the frozen specimens, at this moisture 
content. disclosed small ice lenses, which were probably the result of 
a local migration of moisture. A combination of the rapid freezing of 
the specimens, which occurred due to the relatively low temperature of 
the, deep freeze, i.e. 0° F., and the low permeability of the compacted 
clay probably prevented any excessive moisture migration, but would 
allow some migration to an ice lense from a limited area and thus the 
formation of small ice lenses. It should be noted that although all 
soil water does not freeze at 0° C. and thus a means for moisture mig~- 
ration is available, migration would not occur since there would be no 
temperature gradient once the specimens were frozen. 

The small lenses which occurred were visible mainly in the a- 
reas close to the compaction layers, i.e. the planes joining one layer 
to the layer above it, and were situated in planes at right angles to 
the specimen length. This would indicate that ice lenses formation is 
influenced by the direction of compaction, and that lenses begin at irr- 
egulearities in the compacted soil, i.e. the jointing between two layers. 
Further. the formation of the lenses in planes at right angles to the 
length may be the reason why the specimens exhibited a larger percentag: 


length increase than diemeter increase during the early freeze-thaw 


cycles. 
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The shrinkage of the Group III specimens, and the swelling pher- 
omena exhibited by all the specimens in both the frozen and thawed state 
could be explained by Winterkorn's theory, which is based on the reduc- 
tion in volume occurring from water to a high pressure form of ice. 

In the frozen state the percentage increase in volume for the groups 

is directly related to the moisture content, with Group II, at the 
highest moisture content, having the greatest increase in frozen volume 
and Group III, at the lowest moisture content, showing a decrease in 
volume when frozen It is likely that as the moisture content increas- 
es there is a corresponding increase in: (a) the amount of free water, 
i.e. water that is not adsorbed to the clay minerals, or (b) water which 
is adsorbed with decreased adsorption force. Thus, at the higher mois- 
ture content the increased amount of "free" water expands upon freezing 
into ice as indicated on Figure I. This expansion more than overcomes 
the shrinkage on freezing of the water which is under high adsorption 
pressures, resulting in an overall swelling of the specimen. At low 
moisture contents, i.e. Group III, the majority of the water is under 
high adsorption pressures and thus the specific volume of the ice form- 
ed is less than that of the adsorbed water, resulting in the specimen 
shrinkage. This theory assumes, of course, that there is a significant 
difference in particle waterfilms occurring for the changes in moisture 
content and amounts of compacted soil which exist from group to group. 

The above theory would be more applicable to Groups I and III 
since some ice segregation occurred for Group II However, ice segreg- 
ation could occur without invalidating Winterkorn's theory, i.e. both 


mechanisms may take place simultaneously. 
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Specimen shrinkage could also be caused in a manner similar 
to which shrinkage occurs for a soil sample in a shrinkage limit deter- 
mination. If small ice lenses were formed moisture would be drawn to 
the lenses from the surrounding soil resulting in a drying of this soil, 
and a corrseponding shrinkage. In specimens at high moisture content 
(i.e. Group II)the increase in volume due to the formation of the ice 
lenses would be greater than the shrinkage of the soil resulting in an 
overall volume increase. For specimens at low moisture content (Group 
III) the size or number of ice lenses formed would be smaller, the res~ 
ulting volume increase due to these lenses would be smaller, and an 
Overall volume decrease could occur. 

The increase in volume of the specimens in the thawed state 
over the frozen state for Groups I and III could also be explained by 
Winterkorn's theory of pressures upon thawing, resulting form the in- 
crease in volume from high pressure ice to water. 

It is possible that this increase in volume upon thawing may 
also be related to the air in the voids in a manner somewhat similar 
to that described by Schmid (9). Initially, the compaction of the 
specimens may result in the air in the voids being under some pressure. 
There is air within the loose soil eas it is placed in the mold, and 
this air could become trapped in the specimen as the compactive effort 
is applied, with further compaction causing the air to become compressed 
and thus under pressure. This compressed air would be trapped by the 
low permeability of the compacted specimens, but some eir possibly 
could force its way out of the specimen. This was evident during the 


period of time immediatelv after compaction when the specimens were 
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being coated with latex, as air was being forced out of the specimens and 
causing bubbles in the latex coating. Upon freezing the combination of 
the specimens shrinkage and air being released from the moisture upon 
cooling, could result in an increase in pressure of the air in the voids. 
Indications that the air in the specimens voids was under a fairly high 

pressure in the frozen state were given by Group III specimens. During 
the early freeze-thaw cycles large bulges appeared in the latex coatings 
of these specimens, and by applying pressure to these bulges with a thumb, 
it became evident they contained air under pressure. The latex coating 
became quite hard and non-plastic when frozen, thus allowing pressures to 
form without rupturing the coating. 

It is possible that as the specimen freezes from the outside and 
shrinks, the majority of the air in the voids becomes trapped by the hard, 
frozen soil, and if any movement of the air is possible it must be towards 
the unfrozen centre of the specimen. Thus there could be a build up of 
air under pressure in the inner portion of the specimen which becomes 
trapped in the voids by the hard, frozen soil. 

When removed from freezing temperatures, the spe¢imen will thaw, 
with the thawing progressing slowly from the outside towards the centre. 
It will be subsequently shown that this thawed soil has lost a consider~- 
able amount of cohesion due to freezing. Thus the air pressure within 
the specimen could force this thawed soil outward in all directions from 
the centre, resulting in an increased volume of the thawed specimens over 
its frozen volume. 

The increased volume of the specimen in the thawed state would 


mean that more void space would be aveilable, and thus the air pressure 
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within the specimen could be dissipated into these voids. Upon refreezinz, 


this air would again be trapped within the specimen and pressure built 
up. A furthur slight reduction in cohesion upon thawing, would mean a 
furthur slight increase in volume upon thawing and thus a progressive in- 
crease in thawed volume as cycles of freeze-thaw increases. 

It should be noted that this theory is subject to factors which 
could invalidate it The most readily apparent is that the air in the 
voids must follow Boyle's and Charles's Laws. A drop in temperature from 
22 ° centigrade (room temperature) to -18 ° centigrade (0 ° F. , which 
was the temperature of the deep freeze) would reduce the volume of a giv- 
en amount of air if the pressure was constant by 4O = 14.7%. This red- 
uction in volume would reduce the air pressure ila voids caused by 
specimen shrinkage. 

However, consider a 2% volume decrease for a Group III specimen 
(Figure X be which must have occurred at the expense of the available 
void space, since the water and soil grains are virtually incompressible. 
The available void space in a Group III specimen (Table III) is approx- 
imately 17 cc., and 2% of the total volume of the specimen (205 cc.) is 
approximately 4 cc., which is a 4/17 = 24% decrease in void space. A 
combination of the 24% decrease in void space and the 15% decrease in the 
volume of the air in the voids would result in a net 9% decrease in vol- 
ume of the air in the voids caused by shrinkage pressures, and there 
woulda therefore be some increase in pressure in the entrapped air. Fur- 
thur, upon thawing the temperature of this entrapped air will rise and 
this Will cause a tendency towards an increase in volume of the air. 


which will result in a gain in air pressure. Thus Charles's Law does 
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not necessarily invalidate this theory. 

Boyle's Law need not be considered since pressures resulting are 
a result of volume changes in the air and not a cause of volume changes. 

It is the opinion of the author that specimen volume changes occ- 
urring due to freezing and thawing are a result of a combination of fac- 
tors rather than any single one. Winterkorn's theories of shrinkage upon 
freezing and expansion upon thawing have not been repudiated by any auth- 
ority to this writer's knowledge, and appear to be valid. 

However, regarding specimen shrinkage, ice lensing must result in 
the drying of a portion of the specimen soil. The reduction in volume of 
a soil upon drying is evidenced by shrinkage limit tests, indication some 
specimen shrinkage could occur by this method. 

Similarily, the air pressure theory cannot be completely ignored 
since the occurrance of the air bubbles on the specimens in the frozen 
state indicate some air pressure occurred. Since these air bubbles did 
not appear in the thawed state it is assumed that the air pressure was 


dissipated upon thawing by expansion of the specimen. 
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CHAPTER V. 


DISCUSSION OF RESULTS OF STRENGTH VARIATION. 


The variations of compressive strength of the compacted spec- 
imens with cycles of freeze-thaw and of the "stand-by" specimens are 
shown on Figures XI, XII and XIII for Groups I, II, and III, respectiv- 
ely. The curves below the zero line indicate the percent loss in com- 
pressive strength for varying lateral pressures as cycles increase, and 
the curves above the zero line indicate the percent gain, or tendency 
for strength gain as time increases (1.e corresponding to number of 
cycles). 

Due to the erratic variation of some results the curves are 
"best-fit" curves, the placing of which may warrant criticism. In some 
instances a point which varies considerably from the general trend of 
other points has been ignored, especially in the curves for the stand~ 
by specimens. For Group III the curves showing strength gain have not 
been plotted since the results scattered so widely that no reasonable 
curves could be drawn. However, the scatter of the points about the 
zero line are indicative that no strength increase with time took place 
for these specimens. 

It should also be noted that the percentage compressive strength 
gain or loss was calculated on the basis of tne results of one series 
of tests of the specimens after compaction, which corresponds to the 
"cero" cycle. These specimens also exhibited some erratic variation in 


results from that which normally would be expected. Since these results 
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were assumed to be correct, the percent strength change of some subse- 
quent specimens consequently appear to be erratic, although the test 
value may nor be, However, the strength loss due to freezing is, in 
most cases, large enough that this erratic variation of the zero-cycle 
specimens does not affect the percent change too greatly. 

The majority of detrimental effects on strength of compacted 
clay specimens appears to occur within the first three cycles of freeze- 
thaw. This is most pronounced for Group II but is generally true for 
the other groups as well. The high moisture content group (Group II) 
shows the highest percent strength loss, reaching as high as 60%. The 
lowest strength loss is exhibited by Group III (maximum of approximat- 
ely 40% in unconfined state) indicates density and the corresponding 
decreased moisture content results in better resistance to loss of 
strenght from frost action. 

All groups show a reduction in percent strength loss as the con- 
fining test pressure increases, with this being especially evident for 
Groups I and III. For example, at 9 cycles, Group Lil for the unconfin- 
ed tests sphows a percent strength loss of 40%, whereas at a confining 
pressure of 75 psi., the strength loss is only approximately 10%. This 
would indicate that the unconfined state is the "worst" condition that 
exists, and that compacted soils under actual field conditions with 
some confinement could be expected to have strengths higher than uncon- 
fined strengths. 

It is also of interest that a high confining pressures the 
curves of percent strength loss level off at relatively few cycles, 


whereas the unconfined curves level off after le or 15 cycles. This 
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would indicate-that specimens tested at higher confining pressures will 
not show any strength loss after a limited number of cycles of freeze- 
thaw. Thus if compressive strength loss due to closed system freeze- 
thaw were used as a soil test it would not require more than three or 
four cycles if tested at high confining pressures (i.e. 50 psi. or more). 

The curves for the soil tested indicate that 5 cycles of freeze- 
thaw in a closed system would give a good indication of the maximum a- 
mount of strength loss which would occur, regardless of the number of 
cycles of freeze-thaw, and independent of confining test pressure. How- 
ever at low confining test pressures (0 to 30 psi.) this would be an 
indication only, and more accurate results would require 10 or 15 cyc- 
les of freeze-thaw. Thus if some correlation between the strength loss 
at 1 or 2 cycles and the strength loss at an unlimited number of cycles 
could be established by a large number of tests; or if a relation bet- 
ween the strength loss at a confining pressure of, say, 75 psi.and any 
other confining pressure could be established, the time and work requir- 
ed for a cyclic freeze-thaw test as a feasible subgrade design test 
could be reduced. 

The noticeable strength increase of the "stand-by" specimens 
with moisture content remaining constant may be attributed to thixo- 
tropic effect. Although the position of these curves may be criticized, 
the general trend does indicate a strength gain which would average, on 
the basis of all specimens, between 10% and 20%. The curvesfor Group 
III have not been plotted since the points scattered so widely about the 
zero percent line that it was impossible to draw any curves through them. 


However, the scatter of the results for these specimens indicate that 
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for Group III there is very little, if any, increase in strength with 


time. 


The results of some phases of this work can be compared to the 
results of work done by Ross (23). Ross tested four clay subgrade soils 
varying in plasticity from low to high, compacted to standard and mod- 
ified Proctor densities and then subjected to a freeze-thaw and capill- 
ary saturation cycles. In each case the samples were frozen and thawed 
in a systen in which no external water was available. Between thawing 
and Prventne the samples were permitted to become saturated by capill- 
arity. 

Ross found that all samples decreased in strength, the greatest 
loss occurring during the first two cycles. He also found that the soils 
compacted to the higher density maintained a greater strength than those 
compacted to a lower density, and that all ones tested showed a decrease 
in density with cycles of freeze-thaw. Thus, the results of these por- 
tions of Ross's work are virtually analagous to the results of similar 
phases of this investigation, although the test procedures are different. 

The major difference in testing procedures was the availability 
of water to the specimens between thawing and freezing in Ross's work, 
as compared to the closed system in this investigation. Since the re- 
sults are similar it would appear that the availability of water at this 
stage only does not produce any startling results, but a variation in 
degree of change (density, strength) only. Since differnt soils were 


used in this work and in Ross's work, comparison of actual values would 


be meaningless. 
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TOs 
Cohesion and Angle of Internal Friction. 

Figures XIV, XV, and XVI represent the Mohr plots for the ma j- 
ority of the specimens tested in each group. The plots for the "stand- 
by" specimens are missing since they would contribute little of signif - 
icance. 

The envelopes for each Group were plotted on the same figures 
for comparison purposes. They can best be deciphered by considering 
the upper, or O cycles envelope first. The zerO point for this series 
of Mohr circles is the uppermost zero on the scale, with each successive 
lower zero corresponding to the next successive lower envelope. 

Again, the positioning of the envelopes or curves possibly warr- 
ants criticism. The erratic results at higher pressures are quite ev- 
ident on these plots and the general inconsistency of results are also 
evident. In each case, the Mohr envelope was drawn by placing a line 
which was a "best-fit" curve for the portions of the circles drawn. The 
points at higher pressures were partially ignored in that the straight 
portion of the envelopes were drawn by placing ea line which was e "best- 
fit" straight line for the first 3 or 4 circles, and then flattening the 
curves so that it included these erratic points somewhat. In the maj- 
ority of cases the points at lower lateral pressures did not line up too 
well and for this reason the placing of the straight portion is subject 
to question. An analytic method for plotting the envelopes was not used 
because, althought the results at higher confining pressures are consis- 
tently erratic, they are not erratic to the same degree and thus could 


result in misleading results. 


For a partial defence of the method of drawing these envelopes, 
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a brief study of the test results, Appendix A, is required. The stand- 
by specimens tested at 15 cycles will be studied first. Due to an over- 
sight during testing, 5 specimens of this series were tested in an un- 

confined test. Below are the devietor stress readings and the specimen 


moisture contents for these specimens. 


Deviator Stress (psi.) Moisture Content (%). 
83.6 20.8 
108.2 20.6 
LOes7 20.8 
92.1 Se «1. 
93-3 e156 


Average - 96.2 
Variation from smallest to largest - 24.6 


Largest % variation from average - +13.1 % 
-12 .5% 


These results show the large variation of specimen strength 
which occurred for the specimens tested in the same manner and, for 
the first three specimens above, at virtually the exact same moisture 
content. If this series of specimens can be considered as good indic- 
ation of the variation occurring for all specimens tested, and it prob- 
ably can, except that the degree of variation may change from group to 
group, then this specimen variation could account for the erratic test 
results. Consider that if each stress circle were within = 10% error, 


then a straight line could be drawn tangent to all the circles by mov- 


ing the circle within its £ 10% error radius until it became tangent. 
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Further, a study of the majority of the results shows that the 
specimens, in a series of six tested, which have a relatively low strength, 
usually have a higher moisture content than the other specimens in the 
series. This variation in moisture content may be as high as 1.5% from 
the average. 

It is possible that a combination of the above two factors could 
cause the erratic results, even those at the higher lateral pressures. 
Since at higher lateral pressures the specimens are becoming more satur- 
ated, the Mohr envelopes should curve and tend to level off. In this 
range the average specimen strength variation from, say, a lateral test 
pressure of 45 psi. to a test pressure of 60 psi. would be less than 
the average specimen strength variation from test pressures of 0 to 15 
psi. Thus it is possible that the within specimen variation is evident 
in the higher lateral pressures only, because of the smaller average 
specimen strength variation between successive increments of lateral 
pressure. In this way the low strength results at confining test press- 
ures of 45 psi, and 60 psi. could be explained by strength variation 
within the specimens; of by a slightly lower average moisture content 
of the specimens tested at confining pressures of 45 psi. and 60 psi. 
and thus a resulting lower strength; or by a combination of all three 
of the above. 

However, although it is possible the discrepancies at these 
high confining pressures could be explained by natural within specimen 
variation the consistency of the lower strengths at high confining 
pressures perhaps indicate some structural change is occurring. This 


line of reasoning is possibly borne out by the results of a consolid- 
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ation test run cn a compacted specimen, Appendix C. The results of this 
test showed the swelling pressure of the compacted soil was approxim- 
ately 45 psi.. which corresponds to the confining pressures at which 

the majority of the lower strengths were first observed in each series. 

Although the exact significance of this data is not known, it 
could be possible that in some way, when the confining pressure equals 
the swelling pressure of the conpacted specimen, some structural change 
occurs. the effect of which is to lower the strength of the specimen. 
This, however. is merely conjecture and it would be necessary to run 
a considerable number of consolidation tests in accordance with triex- 
jal compression tests with pore pressure measurements to determine if 
there is any relation between swelling pressure and structural change 
of compacted clays. 

Regardless of the exact positioning of the envelopes it appears 
that cyclic freeze-thaw considerably reduces the cohesion of compacted, 
highly plastic clay, but has a lesser effect on the angle of internal 
friction. The cohesion and angle of internal friction values for the 


envelopes drawn on Figures XIV, XV, and XVI, are shown in the following 


table. 
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TABLE IV. 
Cohesion and Angle of Internel Friction As Affected By Cycles of 


Freeze-Thew. 


No. of Cycles O lL 3 9 Hy 

Group I 

Cohesion (psi.) cui 26 22 19 7 

% loss in cohesion ~ 29.9 ho.6 48.7 54.0 
(@) (@) 

Angle of Interne] 18 ig? 6S gy” Ce? 


Friction (degrees) 


Group Il 

Cohesion (psi.) i ee 9.5 7 5 4.5 

% loss in cohesion ~ 29.6 482 63.0 70.4 
Angle of Internal = 3° 0 a” al 
Friction (degrees) 

Group ITT 

Cohesion (psi. ) 33 eh Be el i 

* loss in cohesion - 27.3. 33.3 36.3 48.5 
Angle of Internel 

Friction (derrees) 18° 18 185° 19° 23 
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The plots and Table IV show the largest percentage loss of co- 
hesion occurs within one cycle of freeze-thaw, with additional losses 
as cycles increase. The largest angle of friction occurred for the 
modified Proctor compaction at modified optimum moisture content, Group 
III. Group II , compacted at a moisture content above standard optimum 
exhibits a very small angle of friction, and the envelopes level off at 
a confining pressure of about 30 psi., indicating the specimens have 
become practically saturated at this pressure. 

It should be emphasized that the significance of these results 
is not the values of the cohesion and angle of internal friction which 
were obtained, since they are subject to question, but it is the trends 
indicated and the overall effects of freeze-thaw on the compacted clay 
which are of significance, 

The test results, Figures XI, XII, and XIII, show conclusively 
that there is a definite loss in strength due to freezing and thawing 
which need not be accompacied by a corresponding total increase in 
moisture content This strength loss occurred at all confining press- 
ures, but was most pronounced for the unconfined tests. The greatest 
percent loss in strength occurred in the group of specimens at the high- 
est moisture content. (Group II). 

The exact cause of strength loss due to freezing and thawing at 
constant moisture content is not readily apparent. Plots of dry density, 
void ratio, and degree of saturation versus compressive strength were 
attempted, but no definite trends or relationships could be established. 
These plots were hampered by the evailability of only one result at each 


confining pressure for each testing cycle Regardless of this it became 
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apparent that neither the density, void ratio nor degree of saturation 
are the factors governing the strength loss. That is, although the den- 
sity is decreased. for example, by cyclic freeze-thaw, and there is an 
accompanying loss in strength, the density decrease is not the sole fac- 
tor governing the strength loss, but rather a lesser contributing fac- 
tor. Of these three factors mentioned above, the decrease in density 
due to the freezing and thawing is most likely to have the greatest eff'- 
ect on strength. Since the degree of saturation was decreased by the 
freeze-thaw cycling, it should not contribute to a strength loss, and 
the increase in void ratio which occurred is virtually similar to the 
decrease in dry density and so this factor can be ignored. 

Motl (6) attributed strength loss on freezing of clays to a 
change in structure in the soil. Variations in structure of frozen 
clays have been reported (7) but the manner with which these changes in 
structure affect the strength are not known. 

A close study of the frozen, compacted specimens, which were 
used for moisture migration tests, showed the compacted soil divided 
by small white frost lines into small lumps or nuggets of compacted 
soil. These small nuggets did not appear to be affected by the freez- 
ing, in that no visible frost lines or crystals appeared in them to the 
naked eye. Upon thawing, the soil mass appeared as a cluster ef these 
small lumps with small cracks appearing between the lumps 

Although no overall moisture migration occurred, as indicated 
by directional freezing tests, Appendix B, it is suggested that migrat- 
ion occurred on a local scale, i.e. possibly from within the small lumps 


or nuggets to the frost lines dividing these nuggets. It is further 
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suggested that the moisture in the specimen froze in the same manner at 
each cycle of freezing, and in relatively the same place. 

This would be possible if the moisture which migrated from with- 
in each nugget during the freezing cycle returned to relatively the same 
position inside the nugget during the thawing period. Since the rapid 
freezing allowed very little time for migration, water could not migrate 
far, and therefore, would not have far to return to its former position 
by whatever forces would act upon it But, since movement to the nugg- 
ets during thawing probably proceeds at a slower rate than does moisture 
migration away from the nuggets during freezing, the nugget structure 
becomes more developed as cycles proceed. 

Thus, it is possible that for each cycle of freezesthaw, the 
soil mass is broken into the same small nuggets each time, until these 
nuggets become separate, individual masses of soil These nuggets are 
separated by cracks, and the structure of the specimen may be compared 
with that of a sample of gravel in which each small stone in the frave) 
represents a small soil nugget in the soil specimen. Unlike gravel, how- 
ever, the nuggets, in addition to having a very small frictional resis- 
tance at points of contact, would also have some cohesion or adhesion 
at these points. 

The test results have indieated that while freezing causes a 
marked decrease in the cohesion value of the specimen strength, there 
was very little variation in the value of the angle of internal friction. 
Further, Table IV shows that the angle of internal friction varios with 
the moisture content, i.e the lower the moleture content, the higher 


the angle of internal friction. The second factor could be explained 
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by consideration of the adsorbed water films on the soil particles. At 
the higher moisture contents, the adsorbed water films are larger. the 
moisture is on the average, under less adsorption forces and thus there 
is a greater lubrication between particles and a resultant lower angle 
of friction. 

The effect of freezing and thawing on the strength loss charac- 
teristics of the compacted clay soil could possibly be explained in the 
following manner. When a load is applied to a specimen which has been 
frozen and thawed, and which exhibits nugget structure. these nuggets 
will be forced together. Since the moisture content of each nugget is 
essentially the same throughout the specimen, the adsorbed water films 
of the soil particles of each nugget will be the same. The angle of 
internal friction of soil sample is determined by the friction between 
the individual soil particles, and therefore, there should be little 
variation in the angle of internal friction whether the soil is in the 
form of individual particles, or in the form of nuggets made up of in- 
dividual particles. In this way it would be possible to explain why 
the angle of internal friction of a soil which has been frozen and thaw- 
ed, and has formed nugget structure, would not vary greatly from the 
angle of internal friction for the same soil at the same moisture con- 
tenty it's not been frozen. 

Prior to loading a specimen, the cohesion or adhesion between 
nuggets would be very small and would occur only at contact points, 
Upon loading, further cohesion would develop between surfaces at right 
angles to the direction of loading. When the specimen is loaded to 


failure and the specimen fails by shearing it follows thet the shear 
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plane would pass between soil nuggets with cohesion varying from a small 
to a relatively large amount. This would occur since the shear plane 
would occur at an angle of roughly y5O + 2, and therefore would pass 
between nuggets which could have developed a large amount of cohesion 

on their horizontal faces, a small amount of cohesion on their vertical 
faces, and an intermediate amount on their diagonal faces. 

The reduced loss in strength, and therefore, cohesion, of the 
specimens subjected to cyclic freeze-thaw, as confining pressure in- 
creased, could be explained by the nugget structure. As the confining 
pressure increases the cohesion or adhesion on the vertical or diagon- 
al faces of the nuggets would be increased, and thus the resistance to 
shear between nuggets would be increased, and the specimen strength in- 
creased 

Also, the additional loss in strength as cycles increase could 
be explained by the further reduction in cohesion between nuggets which 


occurs as the nuggets become more and more separated as cycles increase. 
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CHAPTER VI. 
CONCLUSIONS AND RECOMMENDATIONS. 


The results of this investigation have indicated the following 
conclusions and recommendations for future research. Conclusions drawn 
are specifically applicable to the partially saturated, highly plastic 


clay used in this project. 
Conclusions. 


1. There is a definite loss in the compressive strength of the soil 
tested when subjected to cyclic freezing and thawing at constant mois- 
ture content. These strength losses appear to be due to a structural 
change in the clay caused by the cyclic freeze-thaw, resulting in a 
large reduction in cohesion of the soil, and a relatively minor change 


in angle of internal friction. 


2. The volume change and length change characteristics of a partially 
saturated, compacted, highly plastic clay in a closed system appear to 
be influenced primarily by the original moisture content of the soil, 


and to a lesser degree by the degree of compaction. 


3. Cyclic freezing and thawing of a compacted clay specimen produces 
a thawed volume which is in excess of the original compacted volume, 
and may produce a frozen volume either smaller or larger than the or- 
iginal compacted volume. These changes in thawed volume produce 

1). Decreases in the dry density. 


eT. Decreases in the degree of saturation. 
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3). Increases in the void ratio. 
These resulting changes in dry density, degree of saturation and 
void ratio which occur are not related directly to, and are not the ma j- 


or cause of the corresponding loss in compressive strength which occurs. 


4. Successive cycles of freeze-thaw will not produce extensive moisture 
migration within a compacted clay specimen in a closed system, when rap- 


id freezing is employed. 


5. Ice lensing can occur under the conditions imposed in the tests, but 
only on a very small scale, the extent of which is determined by the 


moisture content of the soil. 


6. A partially saturated compacted highly plastic clay will gain 


strength if left undisturbed at constant moisture content. 


7. Compacted clay specimens which have been subjected to cyclic freeze- 


thaw exhibit the greatest percent strength loss when tested in an uncon- 


fined test 


8. Increased compaction and a corresponding reduction in moisture con- 
tent appears to reduce the effects of cyclic freeze-thaw on clay but 


does not eliminate them. 
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Recommendations. 

Further investigations should be carried out on the effect of 
freeze-thaw on the strength of compacted clay soils. If tests are con- 
ducted for the purpose of determining only the extent of the strength 
loss caused by freeze-thaw cycling, then unconfined tests should be us- 
ed. If, however, tests are conducted for the purpose of determining the 
cause of any strength decrease, then it is imperative that tests be con- 
ducted in a triaxial cell and pore air and pore water pressure measure- 
ments be made, to determine effective stresses. 

The consolidation test conducted in this report indicate that 
there is possibly some relation between the swelling pressure of a com- 
pacted clay specimen and the strength characteristics. It is suggested 
that consolidation tests be run on compacted specimens in addition to 
triaxial tests with pore pressure measurements, to determine if any rel- 
ationship does exist. 

It is thought by the author that a very small change in moisture 
content (1 to 2%) of a compacted clay can produce a substantial change 
in the compressive strength of the specimen. Studies could be made re- 
garding this point. The major difficulty would be in obtaining an equal 
distribution of moisture throughout the soil sample during mixing. Lt 
is recommended that a euhied of mixing the moist soil other than hand 
mixing be used. The method of adding moisture using a spray system as 
developed by the Research Council of Alberta is recommended for mois- 
tening the soil. 

Further investigations could be made in an attempt to deter- 


mine what is the exact cause for an increase in volume of a thawed 
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specimen over both its frozen volume and original volume. The exact 
nature of these proposed tests is not known but possibly some relation~ 
ship between moisture content or degree of compaction and the amount of 


swelling or thawing would be established. 
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SUMMARY OF VOLUME AND LENGTH CHANGES - GROUP I 


SPEC IMEN ORIG. FINAL ORIG. FINAL INCREASE ORIG. FINAL FINAL VOL. 


NUMBER LENGTH LENGTH VOL. VOL. (c.c.) VOL. VOL. (calle. from 
(in.) (in.) (meas.) (meas.) (calc.) (meas.) length) 
(c.c.) (c.c.) (c.c.) fo.c,) (c.c.) 
tL Cycle 
2 3.987 4,023 207.9 209.6 ee 205.0 206.7 206.7 
12 3.987 4.029 208.5 210.6 2.1 205.0 207.1 207.2 
20 47007 >- 4.025- 210.6 2122 1.6 205.0 206.6 206.8 
30 $007 4.023. -209721 210.6 1.5 205.0 206.5 206.8 
38 3.987 4.025 211.0 ele ek ud 205.0 206.1 206.8 
48 46067" 4,036 — 210.1 211.9 1.8 205.0 206.8 207.2 
2 CYCLE 
4 3.987 4.056 208.2 211.4 352 205.0 208.2 208.2 
14 3.987 4.042 209.4 211.9 2.6 205.0 207.5 207.5 
22 3.987 4.055 209.8 214.6 4.8 205.0 209.8 208.2 
32 3.987 4.054 208.4 21341 Lo? 205.0 209.7 208.2 
LO 3,987 4.037 210.9 212.5 2.6 205.0 207.6 207.9 
50 3.987 4,038 210.2 212.0 i.0 205.0 206.8 207.4 
9 CYCLES 
6 3.987 4.100 209,5 216.6 eee 205.0 12,7 210.6 
16 3.987 4,084 209.7 216.6 6,9 205.0 211.9 210.0 
2h 3.987 4.049 209.9 212.6 avy 205.0 207.7 208.2 
34 97.997. 4.077 210.8 21759 Ted 205.0 B12;7, 209.5 
he 3,987 4,077 211,0 216.9 5.9 205.0 210.9 209.5 
52 3.987 4,045 211,0 212.5 1.5 205,0 206.5 207.9 
15 CYCLES 
26 3.987 4,045 209.1 211.0 1.9 205.0 206.9 207.9 
ky 3,987 4,045 211.1 212.3 1.2 205.0 206.2 207.9 
18 3.987 4.065 210.2 214.0 3.8 205.0 208.8 208.9 
54 3.987 4.049 208.6 209.9 1.3 205.0 206.3 208.1 
8 3,987 4,074 210.7 216.1 5, 205.0 210.1 209.0 
36 3.987 4.073 210.4 216.7 6.4 205.0 é11.4 209.4 
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SUMMARY OF VOLUME AND LENGTH CHANGES - GROUP ITI 


SPECIMEN ORIG. FINAL ORIG. FINAL INCREASE ORIG. FINAL FINAL VOL. 
NUMBER LENGTH LENGTH VOL. VOL. (c.c.) VOL. VOL. (calc. from 
(in.) (in.) (meas.) (meas.) (calc.) (meas.) length) 
C.c \GxGe) Gt.) ‘Cow (c.c.) 
TCYCuE 
P) 4.044 4.079 216.2 217.9 ley 208.0 209.7 209.7 
12 4.042 4.094 216.7 218.8 2.1 207.0 210.0 210.3 
22 4.037 4.094 215.0 217.9 2.9 207.5 21077, “1075 
32 4.039 4.037 216.5 219.1 2.6 207.6 210.2 210.2 
he 4,042 4.094 216.7 219.3 2.6 207.9 210.5 210.3 
52 WlOKH = 4.090 B17 ,1 219.7 2.6 208.0 210.6 210.2 
3 CYCLES 
4 myOhk 8.4 207. 214.8 221,,.0 6.2 208.0 214.2 211.0 
14 4.026 h.096 215.2 222.8 7.6 206.8 214.4 210.4 
eh 4.OLO 8 8=64.143 215.5 224.2 oar 207.5 216.2 212.3 
34 h,034 4,127 216.0 22,2 8,2 207.2 215.2 212.5 
4h W080 4.119 216.9 225.2 8,3 207.5 215.8 11.6 
54 4,048 4.054 217.0 217.0 0 208.1 208.1 208.2 
9 CYCLES 
6 4.039 4.115 215.5 ee7.1 i 207.6 219.2 211.4 
16 4.039 4.076 215.4 chee 5.7 208.0 213.7 209.5 
26 h.033. 8.120 . 217.6 227.6 10.0 207.2 217.2 211.9 
36 4.O42 604.1390 215.7 227.5 ie 207.9 220.1 212.7 
46 4.050 §=4.038 216.3 223.5 ie 208.1 215.3 eic.2 
56 4.047 4.098 215.9 226.2 10.3 208.0 218.3 210.7 
15 CYCLES 
8 4.030 4.064 216.3 e364 7.4 207.0 214.4 209.0 
18 HEOS3 2 gl T3- -215.7 2eT 4 11.6 207.2 219.0 211.2 
28 h.036 -4,107° 215.6 227.4 1.6 207.3 219.1 211.0 
38 Boose 84113 / 21545 226.9 114 207.1 218.5 211.2 
48 4.039 4.027 216.6 220.8 4,2 207.6 de Ba =: 206.9 
58 4.038 4.078 216.2 227.3 Lie 207.5 218.6 209.6 
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SUMMARY OF VOLUME AND LENGTH CHANGES - GROUP III 


SPEC IMEN ORIG. FINAL ORIG. FINAL INCREASE ORIG. FINAL FINAL VOL. 
NUMBER LENGTH LENGTH VOL. VOL. (e.c.) VOL. VOL.  (cale. from 
(in.)  (in.) (meas.) (meas.) (calc.) (meas.) length) 
(e.65)- - lee) (e.e.) (c.c.) (c.c.) 
T CYCLE 
2 3.992 4.ohO 212.3 214.7 2.4 205.1 207.5 207.7 
10 3.998 4.042 213.1 215.5 ak 205.4 207.8 207.9 
18 $,006. 4,634 ~ 233, 1 215.9 2.6 205.0 207,6 207.3 
26 3.987 4.ohO 213.1 216.1 3.0 204.9 207.9 el oly aa 
34 3.980 4.019 212.4 214.7 os 204.6 206.9 206.5 
4a 3.996 .o4k 212.5 215.4 2.9 205.3 207.2 208.0 
3 CYCLES 
4 3.982 4.052 212.6 216.2 3.5 204.7 208.3 208. 3 
36 3.993 4,068 212,5 217.0 4.5 205.1 209.6 209.2 
28 3,990 4,063 212.8 218.0 5.2 204.9 216,1 208.9 
12 3.990 4,062 212.8 218.0 5.2 204.9 21054 208.9 
20 3.993 4,070 213.4 218.3 4.9 205.1 10,0 209.2 
4h 4,000 4.060 212.8 218.0 5.2 205.6 211.0 208.7 
9 CYCLES 
6 3,997 4.107 215.1 220.5 7h 205.5 212.9 211.3 
14 3.990 4,095 212.9 220.0 yee 205.0 212.1 210.5 
22 3.984 4,088 212,6 219.1 6.5 204.8 21243 210.2 
30 3.985 4,089 212,6 219.4 6.8 204.8 211.6 210,2 
38 3,987 4.091 213,0 219.5 6.5 204.9 211.4 210.3 
46 3,991 4.103 212,4 220.2 7.8 205.0 212.8 211.2 
15 CYCLES 
8 3,983 4,108 212,6 221.5 8.9 204.7 213.8 211,3 
16 3,993 4,112 213.0 221.1 8.1 205.1 213.2 #@11,4 
ek 3.986 4.103 212.7 220.4 + Ps 204.9 212.6 211.6 
32 3.995 4.110 212.8  220,0 72 a05.4 212.6 211,3 
ho 3,900 4,112 212.8 221.0 8,2 205.1 213.3 211.4 
48 3,992 4,117 212,8 221.9 g.1 205.3. 214.3 211.7 
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FIGURE XVII 
SEGNGNTS SELECTED FOR MCISTURE CONTENT 
DETEREINATIONS OF SPECIEENS SUBJECTED TO 


DIRICTIONAL FREEZING 


SPECTiinN FROZEN SPECIMEN -SUBJLCTED 


FROW UPPuR IND TO ALL=ROUND FREEZING 
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SPEC IMEN 
SECTION 
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SUMMARY OF MOISTURE CONTENTS OF SPECIMEN SECTIONS 


FOR DIRECTIONAL FREEZING TESTS 


END FREEZING 


NUMBER OF CYCLES 


oO 


E 


29.2 
29.4 
296 
29.6 
29.7 
29.8 
29.7 
29.6 


MN NMNMNMNN PM 


\O \O \O 10 1/0 10 10 10 
NOAA WOO NOU 


e 3 y) 


20.7. 26.4 
29.5 29.0 
29.4 28.6 
29.3. 28.5 
29.2 28.3 
m 
h 
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D0 00 0 


OU AW FEU 


29.4 28. 
29.2 28. 
29.6 28. 


Peas Rone ah ee 


\O \O \© 


ALL-ROUND FREEZING 


NUMBER OF CYCLES 


0 - 


29.5 29.6 
29.4 29.7 
29.5 29.6 
29.8 29.8 
29.7 29.6 
29.9 29,6 
29,7 29.4 
29.6 29.7 


2 3 5 
29.8 29.9 29.4 
29.8 29.6 29.5 
29.3 29.0 28.8 
29.4 30.0 .29.3 
29.2 29.2 28.4 
29.2 29.¢C . 28.7 
29.4 29.5 29.2 

3 


29.5 29. 


NOTE --- All Moisture Contents in Percent. 
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